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Abstract

T'his paperpresents a brief summary of the S1- 100 project accomplishments and the tasks remaining to complete the
space reactorpowersystemdevelopment. A fast-track developmentapproach was started in1992 whiclh would use near -
term techmolopy forcarly nuclear electiic propulsion (NEP) planctary iissions. In parallel, the 1CCIHIO013:% would be
nuproved for the more aggressive NEP missions. A conceptual design for atwenty-kilowatt space reactor thermocelectiie
power syste m was completed using neat -tenm technology. The SP-100 near-termtechnology is developed except for
(1) the conver e, (?) the pump, and (3) the conttol drive actuator (CDHA). The fu st converterwas fabricated in Septeinbes
1993. A CDA subassemnbly was put 011 testat the end of September 1993, The eritical bonding steps forassembling the
TH cells and the pump ducts were developed by the end of September 1993, The remaining technology development
tasks forthe catly systems are primarily building and testingaconverter,a pump, and an actugtor. The SP-100technology
is well documented and therefore available whieny the need for space 1eactor power syste ms retutns.,

INTRODUCTION

InMarchof 1983 the United States initiated the SP- 1001°1(1:,1:1111 1o develop aspace reactorpowersystem capable of
providing lo's to 100's” of kilowatts of electiical powerto maintain national security against threats inthe nextcentury
and tosup portnew horizons in the exploration ©f “space, both manned andwmnnanned. During the first thiee years 0 ' the
program, system studies and critical feasibility issues were addiessed to determine the lowest mass, tere-year lire, and
least cost space reactor power system to accomplish military and civilian missions. The result was the selection of a fasl
spectrarnuranivm nitride, lithinm-cooled reactor coupled to thermoclectric energy convetsion cells and heat pipe
radiator panels o 1eject the waste heatto space. Since that time, considerable progress has been made in developing this
Space 1eactor power syste . A reee ntconceptual designi of a 20 kWe space teactor thermocelectric system is shown in
Figure 1.

The s17- 100 Program has essentially completed its component performance development phase. The ¢ itical
technologies and fabr ication techniques reguited 1o build a reactor space power syste m have been validated and
components fabticated. This includes components for both the nuclear and space subsystems.  The nuclear subsysterns
consist of the reactor, reactor instramentation and contiol (1&C), and the shicld subsyste ms.  The space subsystemns
include the converter, heat tansport, and heat 1ejection subsyster ns,  Otheractivities completed under the s1°- 100
Progiam include the development of systemn requitements, a generic flight system (GIS) design, a detailed validation
plan, a thaw design to permit multiple shutdown and restaris, procedures for qualification and acceptance testing, and
sever al conceptual designs for a numbe 1 of potential missions. Truscello and Rutger (1992) described the SP- 100
Program and the hardware developed as of January 1992,

The reactor fuel, the multicell thermocelectic converler, matet ials data, the fabrication techuiques and the components

developedunderthe s1- 1 00 Program are available to suppori futute space programs which require sa fe, depe ndable,
long-life, 1 0- 10 300-kWe powet sources.



- 6.876 m - >

Radiator Panel
(6 Places) 1

TEM Purp ol
@) [
o ;
. [ SE P
/Ju 7'6';'u)"‘
- Ea B v Il
IR
e ‘?éq ” . K
LTI | AL I Qi )
o200 bl s
g / o Payload
Reactor / ':“'::i;:.-r/ [L Pyl Interlace
Bro b
Shield ror
fPower Converler
Gas Separator Assembly (PGA)
Accumlator (GSA)
Key System Paramelers
NetPowerEOM S yr 20.6 kWe
1 hermal Power [ OM 506 .0kWe
Reaclor Outlel 1 emp. 1376K
1 otal Radialor Area 30.8 m?
Power Gonverter Assermbly 6
1fMPumps 3

FIGURE 1. 20-kWe Space Reactor Thernmoelectric Systein,

Applications for SP-100

Past studics have indicated that nuclear electric propulsion (N EP) using a100 -kilowatt electric (kWe) powersystemn
with a specific mass of 40 kilograms perkilowatt (kg/k Wy and a lifetime of 10 years would enable the most aggressive
planctary missions as described by Kelley and Yen (1992) intheir AIAA paper. Since 1986, the S1- 100 project has been
developing technology that couldmeet the se reguinements. Very e cent studics by Yen (1993) haveidentified atiractive
thiee-to-five -year missions employing NEP atTower powerlevels (2010 40 kWe). These inissions canbe accomplished
with SP- 100 hardware based 011 today’s SP-100 techmology thatresults in greater system specific miass and shorter
demonstrated system hfctime thanrequired for the aggressive planctary iissions. The configuration of an carly 20kWe
NIEP spacectaft is shown in Figure 2.

Furihier optimization, mass reduction, and demons tation o f longer component lifetimes is requit ed to suppoit the
agpressive outer planct missions previously mentioned.  Studies have also rece nly indicated thatianned missions to
the lunarsutface and to Mars woulcl be enabled andd prerformed atless cost with the use of space reactor power systens.

The carly 2010 40kWe space reactorthenmoclectrie systemcould also beused foramanned lunarand/otMars outposi
Besidesitsuse on N A S A missions, this carly hardware would be suitable for a nuinber or DOD and commercisl
applications suchy as military surveillan ce, high power communication, and air tiaffic control missions.

At this time, neitheragency, NASA notDOD, have endorsedfunding a mission which would make usc of the SP-100
reactor space p ower system tech nology.  Evaluation o £ potential commercial applications for nuclear power s
continuing. The Departinent o f Defense has been evaluating a variety of nuclear power concepts fordual usc power
sources forboth propulsionand clectrical powetr. 1tis possible to ditecty adaptthe SP- 100 space reactorpowersystem
toprovide a thenmal propulsion capability. The comnponents andmaterials technology developed by the SP-100 program
is applicable for this DOD effort. Cutrently, NASA” s plans do not include the use of reactor space power before the year
2000.
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FIGURE 2. 20-kWe NEP Spacecraft (Side Thrust),
SP-100 Program Plans

To accommodate reduced funding during FY 93, the S1- 100 program shifted its emphasis from ground demonstration
ofa complete powersystern to ground demonstration of the componen ts. The components are developed, fatnicated and
tested tomectthe requirements as defined for a near-term, intermediate and mature systein. Most of the key components
requited for a space reactor powet syster n werefabricated by the end of 1Y 93, So using the neat-term technology as a
base, the components for the intermediate and mature systeins would be improved as illustrated by Figure 3. A summary
of the technology differences betweennear-term, intermediate and matare S1'- 100 Reactor Thermocelectiic systeins is
givenin Table 1. Testing of the pumnp, converler, and actuator will be required in the future as welt as accelerated
component lifetime testing,.

As no user agency hasan identified missionforthe S1- 100 space teactorpowetsystem, the Departmentof Encigy is
planuning to close out the Sp- 100 S pace Reactor Power System program during FY 94, NASA has also discontinued its
funding for the program in FY 1994, During closcout in FY 94, the Departinent of Eneirgy will document the progress
muade inthe S]-](K) program so that the technology canberetrieved for future use,

Hardware Status and Remaining Tasks

Demonstration of suitable technology for carly missions is essentially complete. Pluta ¢l al. (1993) describe the latest
hardware and lest results in a papet publishied in the 1993 TEC EC proceedings.  Duning FY 93, thiee key SP- 100
components (puimp, conver tet, and actuator) were fabricated. Tasks that iemain to be completed when the program is
restarted at sor ne future date include performance testing of components, component/system lifetime vahdation, and
potentially an integrated electiically heated system test. ‘The major components for the reactor, shield, and waste heat
radiator were developed, fabricated, and tested priorto FY 93, Below is a summary of the most significanttechmical
accomplishments through FY93 and the remaiming tasks necessary to complete this SP- 100" devel opment program.

Nuclear Subsystems
The S1- 100 nuclearsubsystems technology, exceptforthe control drive actuator, is1eady fora near-term 1010 40k We

flight system design, development, fabrication and qualification.  Thie nuclear subsystems arc the reactor, 1caclon
instramentation and shicld which are discussed below..
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FIGURE 3. Fast-Track srivs Development.
Safety Status

The safety analyses performed in support of the ground test preliminary safety analysis report (I’SAI<) provides
confidence that the subsystems can be designed to meetall (1. S. safety requitements. The 20-kWe S1'- 1007 reactor and
shield subssyster n designs are shown in Figure 4, The 1cactor contains inherent safety feature s including a negative
temperatuie reactivity coefficient. The reactor design includes highly reliable shutdown systems. This design has an
mdependent core cooling system should the reactor requite protection against the unlikely event of loss of reactor coolant
inspace. A hightemperature ree ntry shield sutrounds the reactorto assure that the seactortemains intact in case of an
inadvertentreentiy. The reactor has been designed toremain subcriticalunder all credible accident seenarios, The reactor
is designed 1o belaunched cold and will contain no fission products nor be radioactive during launich. The design has
been subjected o several rigorous independent safely reviews with no negative findings.

Reactor Status

A comprehensive fuels and materials data base has been completed. The data base includes information onitradiation
cf'l’eels onniobium alloys and vramum nitride fuel pins that were inradiated to burnups greater than thatrequited for a
ten-ycarmission. This was accomplished by accelerated fuel testing tosimulate the full power sever)-year lifetime. There
have beenno fuel pin failures while operating at clad temperatures of 1500K, t 00 K hotterthan the hottest fuel pin design
temperature inthe operational system. Cold eniticaltesting was performedin the DO zero power physics reactor (7.1)))<)
in Idaho to verify the neutronic design codes for operation, shutdown, and safety under simulated operational and
accidentconditions. Hydraulic tests were petformed on reactor mockups to establish the core’s fluid flow resistance and
flow paths. A Generie Flight System (GEFS) design of's 1eactor subsystem fora 100- kWe thermoelectric power system
is available as a starting point for other flight space 1eactor power systeimn designs.

All of the uranium nitride fuel pellets for a 100-kWe space 1cactor thermoelectiic power systein have been fabricated
and are in storage at 1 .08 Alamos. Fabrication readiness 1eviews and appyroval have been completed for fabricating the
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bonded cladding and the fuel pins. Assembly flow sheets have been prepared for fabricating the reactor. Fabrication
development for the reactor subsystem components have been completed and technology readiness hasbee n demon -
strated.

Excellentprogress was made inre-establishing and improving technology requited tomanufacture complex structures
from niobiumalloy materials. Anextensive high temperature mechanical properties data base for recently manufactured
niobium alloy materials (Nb-1Zrand PWC- 1 1) has been developed. Significantquantities of Nb-1 71 and PWC-11 alloy
tbing and piping have been produced by industrial vendors in accordance with SP-100 specifications. Manulacturing
complex reactor components from Nb-1 71 and PWC-11 has demonstrated technology 1cadiness.

Remaining Reactor Tasks

The reactor subsystemtechmology d evelopment forthe near-termsubsystemis complete. Toreduce mass andincrease
reactor life and 1eliability, the long life materials database needs to be completed. This includes additional long-term
creeptestson PWC-material, fabiication process development and documentation for PWC- 1toretain its high creep
stiength, and additional o1 continued fuel pinirradiation and post- test exam inations, Also, the reactor subsystem necds
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FIGURE 4. Reactor and Shicld Subsysteins.

to be fabricated and tested inan end-to-end electrically heated system test. This latter task might well be done as part of
aflight hardware development program.

Reactor 1&C Status

Remaining Reactor 1&C Tasks

The control/safety drive actuator subassembly, as shown in Figure 6, (motor/brake/cluteh/ gears/spring drive/position
senson) was fabricated, installed, and performance testing initiated at the end of September 1993. The lifetime testing
and evaluationinathenmal vacuum environment needs to be completed ina follow-on o1 new stari program. The balance
of the contiol/safety drive assembly (CDA) is developed, designed and needs to be fabricated and tested. The actuator
subassembly and balance of the CDA need to be integrated and tested in a prototypic thermal vacuum cnvironment and
thencontinued onlife test. Anend-to-end system test controlier needs to be designed and built as a bicadboard contioller

for the system test.

Continued lifetime development and mass reduction of CDA components, multiplexers and sensors are required to
demonstiate low mass and ten-year life. Life testing of CDA components, multiplexers and sensors remains o be done
to validate long life, highly reliable reactor 1&C subsystemns for the intermediate and mature systems,
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Shicld Status

"The shield subsystem techinology development for a near-term system is complete. The shicld subsystem, as shown
iliguied, hasbeendeveloped, designed, andthe manufacturing plans ate complete. Matenals manufactuning processes
are developed and compatibility characte nistics of prototype materials within the shicld have been demonstiated forten-
year hife. The lithium hydride (1 .iH) gann na irradiation behavior at operating temperatures for ten years has been
validated.

Remaining Shicld Tasks

Completing the shield and material data base is required to reduce inass and increase reliability, Neutron irradiation
of 1.1 1 at temperature is required to confirm that the Lill swelling behavior is the samne as that for gamnna irradiation.
Also, the Lill thermal conductivity change , if any, duc to innadiation needs to be deter mined. The shicld subsystemn needs
10 be fabricated and tested in an cnd-to end system test priotto flight.

Space Subsystens

The space subsyste s are nearly developed, as discussed by Mondt (1991), fornear-term, 1 () to40kWe. thiee-tofive-
yearsystems. The type approval (TA) thermoclectiic cells are fabricated and on test. The TA cellsare being tested as
individual cells and have been incorporated into a fabrication developiment pump and con verlerto demonstrate thei
fabricability and perform ance. A prototype punp and a 4x 6 converlerneed to be builtand tested in a liquid metaltest
loop and componentlifetime testing is required to complete the space subsystems development. The all-titanium heat
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pipe radiator for the near -term system is developed.  The niobium, carbon-carbon heat pipe technology is nearly

developed forthe inter mediate system. The titanium heat pipe with catbon-carbon armoi needs to be developed forthe
mature system.

Converter Status

The SP-100 converter subsystemn consists of 2.54 e x 2.54 cin by 1.2 emthick conductively coupled thermocelectric
cellg arvangedin thermoclectric conver ter assemblics (T'CAs) and power conversion assemblies (PAs), Each TCA as
shown ill Figure 7is a sandwich consisting of athinrectangulathotheat exchangerbondedto the faces of two 4 x s arrays
of cells, andtwo cord heatexchangers bondedto the coldfaces of cach4x 6 attay.  Each PCA as shown inFigure 8 will
produce 3.4 kWe and consists of cight *1'(CAs whose hot inlet and outletheaders are connected by piping to the reactor
while the cold inlet and outlet headers are connected by piping to the radiator.

The developme ntof a conductively coupled comnpactthermoclectije eellto reduce SYSICTmass was a major lechnical
challenge thathas beentesolved. To prevent die stresses due to differential thermal expansion of “the hot and cold heat
exchni peers and due o the thermal gradient across the thermocelectric module from damaging the thermoelectiic
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materials, the SP-100design depends onhotand cold compliant fiber pads bonded tocacheell. These pads were designed
and developed to accommodate thermal strains during cell fabrication, dunimg subsequent thermal cycling, and during
notmal operations of the TCAs and PCAs. These compliant pads are now developed and their effectiveness in
accommodating individual cell thermal stiesses hasbeen demonstrated. Theireffectivenessinaccommaodating TCA and
PCA stiesses has been predicted and needs to be validated inan operating converler.

‘To date, thiee prototypic thermoelectiic cells have beenperformance tested. The tisttype approval (I1A) cell, which
wouldbe used inthe near-ter msystein, operated at prototypic system conditions for 3400 hours as predicted. At this
time the interal electrical resistance began to incirease more than predicted. At 4100 hours the resistance was three times
what it was predicted to be and the TA cell was shutdown and removed for post-test evaluation. The second cellis
opcrating al prototypic conditions for over 5,000 hours with a slightly greaterinercase in clectrical resistance after about
2500 hours than predicted. The thitd cell operated at 1')1()10'!_\.';)&‘ conditions as predicted for about 500 hours and the
clectiical resistance began inercasing more rapidly than predicted. This third cell was shutdown and reinoved at 2300
hours for post-testevatuation whenthe electrical resistance was about three tiines what it was predicted to be, Botly the
firstecelland the third cell were found to be debonded atone of the graphite-to-SiGie "N leg bonds. This SiGe-to- graphite
bond is the weakest bond inthe celland is located on the hotside of the thermoclectiic cellwhere the loadis the greatest.
The three cells survived more than ten therial eycles fromfulltemperature (1 300 K hot heat exchanger and 800 K cold
heatexchanger) to room temperature. Al three cells produced 8.9 watts ata 500 K temperat ure gradient across the
cell(hotexchangerto cold heatexchanger ), as predicted priorto the increase ininternal electricaliesistance. The thermal
eradients across all three cells were consistent with the predicted performance throughout the test. The prototype TH.
cell, stracture and performance analysesare confirmed. Four TA cells weie fabricated forlife testing when the program
was terminated.

A 4x 6 array of cells with a hotexchangeronone Side and a cold heat exchangeronthe otherwas fabnicated and ready
fortest at the end or September 1993, This 4 X 6 converterhastwelve TA cells like the three thatwere individually tested
and twelve simulat ed, (graphite blocks substituted for the SiGe material) cells. This 24 cell converter was otiginally to
be 11sled ina lithivm component testioop along with THM pumpin Y 94. The 24 ¢ell, 4 x 6 converler is available for
testing to demonstiate that the bonding of cells to heatexchanger is aceeptable, that the compliant pads are effective in
allowing the difference in therm al expansionbetweenthe hot and cold heat exchang ers, and the clectrical pe rformance
withmultiple cells in series is as designed.

Remaining Converfer Tasks

The SiGe-to-graphite bond needs to be improved and several TE cells need to be fabricated and tested to validate cell
lifetime. Thie 4x 6 converter should tested to validate compliant pad performance as well as the intereell electrode leads.
The 24 cell, 4 X 6 converter, fabticated in Y 93, nceds 1o be electrically heated and tested orinstalled in a liquid lithium
testloop and tested. This 4x 6 converter, with 12 TA cells and 1?2 siinulated cells, should be tested at prototypic thernal
vacuum conditions to validate the compliant pads’ effectiveness in himiting the stresses inthe TE cells. In paralle 1, a 48-
cell, doal)le-sided 4 x 6 thenmoelectric converterassembly ('C'A) needs to be fabricated using the improved SiGe-to-
graphite bonded TE cells. The 48-cell TCA should then be installed and tested in a liquid lithium puip/conveticer test
loop. This test will validate the 4 X 6 “U'CA performance, and continued testing is requiredto validate the compliant pad
and intereell electrode Iead lifetime, The power conversion assembly (3 °TA), which consists of cight ‘I(As, needsto
be fabricated with at Ieast one real TCA and the rest simulated. This PCA needs to be integs ated and tested in an end-
to-end system lest to validate the conversion subsysten.

Tt cell development needs to be continued to demonstrate TE cells performance and Iifetime using improved silicon
genmanium withaZ.of .72 X 10-°K-'. Atleast four improved cells need to be placed on life test. Fusther improved silicon
gcrmaniom with a7, of 0.85x 10-*K-" needs to be incorporated into TE cells. To demonstrate the TE cell for the mature
system, it is necessary to have atleast four cells on life test.

The TE cen components (comphiant pads, insulators and elects odes) and bonded joints (SiGe/pyrohtic graphite,
graphite/W, W/glass and W/Nb) need to be improved to reduce ma ss and increase Jifetime up to at Iei st ten years,
Accclerated life tests need 1o be conducted on these components and joints to validate ten-year hife with margin,




Heal Transport Status

The heat transport subsystem development is complete for near-term systems except for final validation tests of the
thermoclectric electromagnetic (FEM) pump and the gas separator/ accumulator (GSA), which are both shown in Figure
9. The TEM pump magncetic design has been experimentatly verified. Anclectiomagnetic integration test (EMIT) was
completed. The EMIT verified the pump desien performance by pumping liquid metal using an external electrical DC
power supply. ‘The type approval pump (TAP) cell for the pump is nearly developed, and two were tested in FY 93, A
fabrication development pump representing near-term technology was built in 1993; This pump has twenty-two TAP
cellsawenty-two simulated (praphite blocks, substituted for the SiGe material) cells, and Nb- 171 hot and cold ducts. The
GSA has been designed and tested with water and air to confinm the design predicted performance.

Tasks

Remaining Heat Transpor!

The TEM pump fabricated m EFY 93w ith twenty-two real cells and twenty-two simulated cells necds o be installed
andtestedinalithiumtest oop. » A TEMpump withforty-founcaleellsandPW C- 11 ducts needs tobe fabricate dand
tested in a lithium test Toop. The punap necds 1o be pe rlormance tested under expected flight systemn envir onmental
conditions and ther put on life test unde 1 acceelerated steady state conditions to complete the pump development.
Additional ‘I'Al cells need to be fabricated and place inaccelerated life tests 1) validate the cell Lifetine.

Statie lithium/heliumese reentests need 1o be performed to validate the gas separatorscreen performance. A G SA needs

to be fabricated and tested with ithium-helium ina flowing lithivm loop. This sane GSA needs to be installed inan end-
to-cnd systemn test.
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Heat Rejection Status

The 20 kKWe heatrejection subsystem near-tenm teehnology radiator panelis shownin Fipme 10, The near-term heat
1ejectionsubsystem consists of all titaniur ducts, heat pipes, and armor. Six titanium low-cost production potassiun heat
pipes were Tabricated. Two heat pipes were tested for start-up, shut-down, and restant by siimulating system predicted
conditions. Four of the six were used to demonstrate ten-year lifetimes by aceelerated testing. Improved (lower mass)
tadiator heat pipes are being developed. Three thin walled Nb- 171 with bonded carbon-carbon (C-Cy atmored potassiun
heat pipes were fabricated and one of the three was tested at prototypic temperature,

Remaining Heat Rejection Tasks

The improved heat rejection subsystem development started under the NASA-1.eRC Advanced Radiator Coneeplts
program needs to be continued and completed. Phis needs to include evatuation of heat pipes built and tested in 1Y 93
as well as fabrication and test of addinonal Nb- 17 heat pipes with high conductivity carbon-carbon armor and fins. The
radiator duct 1o heat pipe configuration needs to be designed using inputs from the SP-100 20-kWe systemn design and
the results of the Nb-1740/C-C heat pipe development, The final vahidation task is to integrate all the components into
a prototypic radiator panel to test and verify the predicted performance in the end-to-end systeny test. The mature
technology requires the development of lower mass heat pipes, such as a 1.3-cm diameter titanium potassivm heat pipe
with bonded carbon-carbon fins and armor. This technology would also require building and testing a flight vadiator
panel.

SP-100 Flight System Desigus

A generic thght system (GES) design was completed in May 1988, which met the functional system iequirements for
a 100-kWe Larth orbital potential military mission. ‘T'he technology developed by the SP-100 program is based on the
GES system design. The GES design was updated to meet changing mission requitements and 1o assure that the
technology being developed would satisfy the design changes. A major GIS systemn update was completed in May 1992
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to meet changing requirements, with emphasis on civilian missions. The technology being developed was again
reviewed with minor changes made 1o assure that the right technology was being developed. The details used to direct
the technology were defined for a 100-kWe system power level and scaled for other system power levels. Conceptual
designs were completed from 1010 300k We during the development period to meet specific military and civilian nission
requirements defined by the user community. These conceptual design stady results also assured that the SP-100
technology being developed was applicable to the power range from 1010 300 kWe and would satisty the different uset
requirements, Marriott and Fujita (1994) deseribed the evolution of the SP-100 system designs from 1986 thiough 1993,

REMAINING SYSTEM TASKS

Anend-to-end integrated system test based on the 20-kWe thermoelectric system design needs to be done to validate
all interfaces and components.  However, a sufficient test of the systen can be accomplished using some partial
subsystems such as one TCA, one TEM pump, one control dnive actuator, one GSA, and a single radiator segment.
Thermal mockups could be used for the remaining components to reduce development costs. "The system test would
validate that all the components operate as predicted in an overall system configuration.
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